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Abstract. We investigate a phenomenological non-gravitational coupling between dark energy and
dark matter, where the interaction in the dark sector is parameterized as an energy transfer either from
dark matter to dark energy or the opposite. The models are constrained by a whole host of updated
cosmological data: cosmic microwave background temperature anisotropies and polarization, high-
redshift supernovae, baryon acoustic oscillations, redshift space distortions and gravitational lensing.
Both models are found to be compatible with all cosmological observables, but in the case where
dark matter decays into dark energy, the tension with the independent determinations of H0 and σ8,
already present for standard cosmology, increases: this model in fact predicts lower H0 and higher
σ8, mostly as a consequence of the higher amount of dark matter at early times, leading to a stronger
clustering during the evolution. Instead, when dark matter is fed by dark energy, the reconstructed
values of H0 and σ8 nicely agree with their local determinations, with a full reconciliation between
high- and low-redshift observations. A non-zero coupling between dark energy and dark matter,
with an energy flow from the former to the latter, appears therefore to be in better agreement with
cosmological data.a
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1 Introduction
Cosmological observables, among which the cosmic microwave background (CMB) radiation tem-
perature anisotropies represents one of the most important pillars of modern cosmology, providing
a consistent and convincing picture that the Universe is largely dominated by “dark” components,
whose presence is felt only through their gravitational effect. Specifically, the recent results of the
Planck Collaboration [1] show that baryonic matter forms only about 5% of the total energy density
today, while 26% is accounted for by dark matter (DM), which clusters forming cosmic structures,
and the remaining 69% is in the form of a diffuse component, the dark energy (DE), responsible of the
accelerated expansion of the Universe, being the CMB radiation (and relic neutrinos) negligible in the
energy budget today. While Planck is currently providing the most precise determination of cosmo-
logical parameters, a whole set of independent cosmological observations (among which high-redshift
supernovae, baryon acoustic oscillations, redshift space distortions and gravitational lensing) consis-
tently contribute to what has emerged as a successful interpretation of the behavior of our Universe,
namely the ΛCDM model. Some tension exists, though, on the cosmological and local determination
of the Hubble parameter H0 and on σ8, the amplitude of the linear power spectrum on the scale of
8 h−1 Mpc (being h the usual reduced Hubble constant, h = H0/(100 km s−1 Mpc−1)), as discussed
for example in Ref. [2].
The nature of DM and DE is still unknown and while DM can be naturally interpreted as being
formed by a new type of elementary particle (typically heavy, in the standard WIMP paradigm, but
not necessarily, like in the case of axions or axion-like particles), a clear view on the solution of DE
is still lacking. The simplest interpretation of DE is in the form of a cosmological constant Λ: in
standard cosmology, based on general relativity, the cosmological constant can be seen as a fluid
endowed with equation of state (EoS) pΛ = wΛρΛ, with wΛ = −1 (pΛ and ρΛ being the pressure and
the energy density of DE, respectively): this allows to explain the current accelerated phase of the
Universe and what we call DE.
However, at the fundamental level DE could be more complex than just a new fundamental
constant. A more general view on the DE problem is obtained by seeing the issue from a dynamical
side: a (perfectly or almost perfectly) homogeneous scalar field can act as a cosmological constant
if its potential energy dominates over its kinetic energy (and this energy density largely dominates
the Universe) [3, 4]. This mechanism has been studied in details, also in connection with the so-
called “coincidence-problem” (why DM and DE are so close today in value, having such a different
cosmological evolutionary behavior) and many models have been devised to investigate the ability of
a dynamical scalar field to explain the cosmological observations. For the purposes of this paper, the
main point is that DE can therefore be seen as an effect due to the presence of a dynamical scalar
field in a specific phase of its cosmological evolution.
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Under the assumption that DE is due to a scalar field, the most economic approach is that the
two sectors, i.e. DM and DE, do not interact other than gravitationally. However, the two sectors
might well have some form of non-gravitational interactions, with relevant implications both at the
fundamental level (their true nature) and at the cosmological level, since cosmological observables
can be affected by the presence of an interaction between DM and DE (see e.g. Refs. [5–20] and the
review [21]). At the same time, cosmological and astrophysical observations can be proficiently used
to constrain any form of coupling between the two dark sectors.
This new interaction can be phenomenologically introduced in various ways (see e.g. Ref. [22] for a
classification): in our analysis, which follows similar approaches [12–15, 23–28], we phenomenologically
parameterize the coupling between DM and DE through an energy transfer from one sector to the
other. This can be expressed through the non-conservation of their stress-energy tensors Tµνi (i =DM,
DE). In this approach, the stress-energy tensors of DM and DE are not separately conserved (while
the total stress-energy tensors of DM and DE is), and we parameterize this as:
∇µTµνDM = +QuνDM/a , (1.1a)
∇µTµνDE = −QuνDM/a , (1.1b)
where the coefficient Q encodes the interaction between the two sectors, uνDM is the dark matter
four-velocity and a is the time-dependent scale factor of the Universe [12–15, 23–28]. The ensuing
evolution equations for the DM and DE energy densities are therefore1:
ρ˙DM + 3HρDM = +Q , (1.2a)
ρ˙Λ + 3H(1 + wΛ)ρΛ = −Q . (1.2b)
If Q > 0 the energy transfer is from DE to DM and DE decays into DM, while if Q < 0 the energy
flux has the opposite direction and DM decays into DE.
Several interaction models have been proposed in the literature, where the role of Coupled Dark
Energy (CDE in the following) is played by a scalar field (see e.g. Refs. [8, 11, 23, 24, 29–31]). In
this work we will not focus on specific theoretical frameworks that give origin to a CDE scenario. We
instead use a phenomenological approach and we study one specific model, investigated in the past
in Refs. [12–15, 23–28], where the coupling term is proportional to the DE density:
Q = ξHρΛ , (1.3)
where ξ is a dimensionless coupling parameter. In this approach the interaction is spatially-independent
(being so the DE density) and the time dependence of the interaction rate is governed by the Hubble
rate H = a˙/a [25, 26, 32]. For ξ = 0 we recover the uncoupled case of standard cosmology. As we will
show below, this model offers the possibility to loosen the tension between the local and cosmological
determinations of the Hubble constant H0 and the matter fluctuations parameter σ8. Further models
will be studied elsewhere.
In the following we will test this CDE model against cosmological observables and derive bounds
on the relevant model parameters, that in our approach are wΛ and ξ. We will also discuss whether
the ensuing results help in alleviating the tension on the determination of H0 and σ8 which arises
from high and low redshift cosmological observables.
The outline of this work is the following: in Section 2 we describe our parameterization for
the ΛCDM model and its extension when there is a coupling between DE and DM. In Section 3 we
present the cosmological data used to test our model. In Section 4 we show and discuss our results.
In Section 5 we extend the analysis to include sterile neutrinos: in this case DM is partly composed
of a fraction interacting with DE and a stable fraction, represented by a sterile neutrino. Finally, we
summarize our conclusions in Section 6.
1We use the subscript Λ also for DE, since the equations are the same. The difference is that the cosmological
constant Λ has a constant EoS parameter wΛ = −1, while in general DE can have wΛ 6= −1. More generally, DE can
also have a dynamical wΛ. In our analysis, will consider only the case of a (effectively) constant EoS parameter.
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Parameter Prior
Ωbh
2 [0.005, 0.1]
Ωch
2 [0.001, 0.5]
100θ [0.5, 10]
τ [0.01, 0.8]
log(1010As) [2.7, 4]
ns [0.9, 1.1]∑
mν 0.06 eV
Nν 3.046 [33]
H0 [ Km s
−1 Mpc−1] [20,100]
Table 1. Priors and constraints on the parameters adopted in the analysis. The first six lines refer to priors
for the cosmological ΛCDM free parameters, flat in the listed intervals. The total neutrino mass and effective
number of neutrinos are kept fixed and set at the minimal value allowed by neutrino oscillations in the case
of Normal Hierarchy. H0 is a derived parameter in our analysis, but models that predict extreme and very
unlikely values for the Hubble rate today are rejected. We assume a flat Universe.
2 Parameterization
In this Section we introduce the parameterization we use to perform our cosmological analyses. Sub-
section 2.1 briefly recall the standard ΛCDM model, which is our baseline model to which we will
compare the results of the CDE modeling. In Subsection 2.2 we then discuss in more detail the mod-
ifications that arise in the cosmological model by the presence of a coupling between DM and DE:
this occurs both at the background and perturbations level.
2.1 Baseline model
Our baseline model is the well studied standard ΛCDM model, where Λ indicates the cosmological
constant and CDM stands for Cold Dark Matter. The model can be described using six cosmological
parameters: the present baryon density Ωbh
2; the present CDM density Ωch
2; the ratio of the sound
horizon to the angular diameter distance at decoupling θ; the optical depth at reionization τ ; the
amplitude As and the spectral index ns of the primordial power spectrum of scalar perturbations,
taken at the pivot scale k = 0.05 Mpc−1. The DE density is a derived parameter, and we consider
the case of a flat Universe. The current value of the Hubble parameter H0 and the root-mean-square
fluctuations in total matter in a sphere of 8h−1 Mpc radius, σ8, are derived parameters as well.
Concerning neutrinos, we will perform two type of analysis: in the first one we fix the sum of the
neutrino masses
∑
mν to the minimal value allowed by the neutrino oscillations (
∑
mν = 0.06 eV)
and the effective number of relativistic species Neff to the standard value N
sm
eff = 3.046 [33]. In
Section 5 we will extend the scenario to the presence of one additional sterile neutrino, that plays the
role of a stable fraction of DM.
For the ΛCDM parameters we adopt flat priors in the ranges listed in Tab. 1.
2.2 Coupling between DE and DM
As introduced in Section 1, the coupling between the two dark components of the Universe is intro-
duced through a phenomenological coupling parameterized through the term Q written in Eq. (1.3).
The evolution of the DM and DE densities can be easily obtained by solving Eqs. (1.2a) and (1.2b)
[13, 26, 34]:
ρDM = ρ
0
DM a
−3 + ρ0Λa
−3
[
ξ
3wΛ + ξ
(
1− a−3wΛ−ξ)] , (2.1a)
ρΛ = ρ
0
Λ a
−3(wΛ+1)−ξ , (2.1b)
where ρ0i (i =DM, DE) is the energy density of the species i today. We recall that ξ < 0 corresponds
to an energy flux from DM to DE, with DM decaying into DE, whereas ξ > 0 corresponds to an energy
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flux from DE to DM, with DE decaying into DM. In the following we will refer to the former case as
Model 1 (MOD1) and to the latter case as Model 2 (MOD2) for sake of brevity. From Eq. (2.1b) we
see that DE obeys an effective equation of state parameter given by weffΛ = wΛ + ξ/3: this allows to
express Eq. (2.1b) also as ρΛ = ρ
0
Λ a
−3(weffΛ +1).
In the presence of the coupling term of Eq. (1.3), the interaction model does not suffer gravi-
tational instabilities if wΛ 6= −1 [11, 23]: for this reason we will consider a constant wΛ 6= −1 when
ξ 6= 0. Early time instabilities can however arise also when wΛ 6= −1 if the coupling is strong [13]: in
particular the instability is not present if ξ and wΛ + 1 have opposite sign, but it can be generated
when the two quantities have the same sign. In order to avoid these instabilities, we will consider
only values wΛ > −1 for MOD1 when ξ < 0, and values wΛ < −1 for MOD2, when ξ > 0. It
is worthwhile to note that in the latter case the DM energy density can assume unphysical negative
values in the past for particular combinations of wΛ and ξ (Eq. (2.1a)), while the DE energy density is
always positive (Eq. (2.1b)). To avoid unphysical values of ρDM, we must therefore impose ξ . −wΛ:
this is automatic for ξ < 0 (MOD1) unless wΛ assumes positive values, but this does not occur since
accelerated expansion of the Universe at late times requires wΛ < −1/3. For MOD2, instead, we
impose the prior 0 ≤ ξ ≤ 0.5: we will nevertheless find that the larger values of ξ in this interval are
disfavored by our analyses.
From Eq. (2.1b) we also note that ρΛ increases with the scale factor if wΛ < (−1− ξ/3): in this
region of the parameter space DE has an effective phantom behavior, that is an unbounded increase
of ρΛ at future times. The effective phantom behavior can occur in both MOD1 and MOD2. Even
when wΛ > −1 and ξ < 0 (MOD1) the phantom regime can be present since, when the scale factor a
increases, instead of following a decreasing behavior driven by wΛ > −1, ρΛ can be fed by the energy
transfer from DM to DE. This effective behavior, however, has the advantage of being free from the
instabilities that can occur for a true phantom dark energy [35–37].
The instabilities that we listed are the consequence of the wΛ = −1 crossing. A way to circumvent
this problem is to adopt a parameterized post-Friedmann approach (PPF) [38–40]. This method
allows to seamlessly move through the crossing. The PPF approach has been extended to deal with
an additional coupling between DM and DE in Ref. [41]. In the following we will adopt the canonical
approach, which is more direct in formulation even though it requires us to separate the two regimes
around the crossing point.
Looking at Eqs. (2.1b) and (2.1a), we notice that it is difficult to disentangle the effects of the
DE EoS parameter wΛ from the coupling ξ by only studying the background evolution: we must
include the perturbation evolution equations, which are also affected by the DM/DE coupling. The
perturbation equations in the linear regime can be expressed in the synchronous gauge [26] as:
δ˙DM = −
(
kvDM +
h˙
2
)
+ ξH ρΛ
ρDM
(δΛ − δDM) ; (2.2a)
v˙DM = −HvDM
(
1 + ξ
ρΛ
ρDM
)
; (2.2b)
δ˙Λ = −(1 + wΛ)
(
kvΛ +
h˙
2
)
− 3H(1− wΛ) ·
(
δΛH(3(1 + wΛ) + ξ)vΛ
k
)
; (2.2c)
v˙Λ = −2H
(
1 +
ξ
1 + wΛ
)
vΛ + k
δΛ
1 + wΛ
; (2.2d)
where h = 6φ is the synchronous gauge metric perturbation and the DM peculiar velocity vDM is fixed
to zero using the gauge freedom. Moreover, the DE sound speed is fixed: cs,Λ = 1. We adopt adiabatic
initial conditions for the CDE component [11, 23, 27] as for all the other cosmological constituents [42].
For our cosmological analyses, we implemented the modified relevant equations into the nu-
merical Boltzmann solver CAMB [43] and we modified the Markov Chain Monte Carlo (MCMC) code
CosmoMC [44] in order to include ξ as an additional parameter. The parameters specific to the DM/DE
coupling sector are ξ and wΛ: they have been varied inside the intervals listed in Tab. 2, and we as-
sumed flat priors. The range of these intervals are taken according to the discussion listed above.
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Prior
Parameter ΛCDM MOD1 MOD2
wΛ −1 [−0.999,−0.1] [−2.5,−1.001]
ξ 0 [−1, 0] [0, 0.5]
no interaction DM decays into DE DE decays into DM
Table 2. Priors on the additional cosmological parameters that define the coupled DM-DE model: the
coupling parameter ξ and the DE equation of state parameter wΛ. Both priors are flat in the listed intervals.
The priors for the standard ΛCDM parameters are listed in Tab. 1.
Before discussing the results of the analysis in details, we comment on some expected effects
induced by the DM/DE coupling. First of all a degeneracy between the coupling parameter ξ and the
DM density today Ωch
2 is expected, due to the conversion of DM into DE (or vice-versa) that reduces
(increases) the DM abundance at different times: this impacts the CMB power spectrum since it
alters the matter-radiation equality epoch and it changes the matter potentials at CMB decoupling.
Fig. 1 shows this approximate degeneracy. In the upper panel, where Ωch
2 is kept fixed, the plot
outlines the effect of the DM/DE coupling in the angular power spectrum; in the lower panel, instead,
the DM/DE energy parameter is fixed to ξ = 0 (i.e. standard ΛCDM cosmology) and the DM density
is varied. A positive coupling (which implies a DE → DM transfer) amplifies and shifts the acoustic
peaks in a way similar to a Universe with more DM, while a negative coupling (DM → DE transfer)
produces an opposite effect, similar to a situation with less DM present to drive acoustic oscillations.
A ξ parameter different from zero has also the effect of changing the effective EoS parameter wΛ of
DE, with an ensuing effect on the low-` part of the spectrum, due to a different contribution to the
integrated Sachs-Wolfe (ISW) effect [25, 28].
A DM/DE coupled scenario also affects physical processes occurring after CMB decoupling, since
it alters the background evolution along the whole history of the Universe, it modifies the absolute
and relative amount of DM and DE at any epoch, it introduces a non-standard dependence of the
DM density and of its perturbations on time: e.g., if DM decays into DE, we might need to start with
more DM in the early Universe, corresponding to a stronger clustering and to an anticipated non-
linear regime for the perturbations evolution. It is therefore useful to profit of additional cosmological
probes to lift the degeneracy between the DM abundance and the coupling parameter: we will then
add to our analysis data from gravitational lensing, clustering and baryonic acoustic oscillations.
3 Cosmological Data
In this section we present the cosmological data we considered for our analyses.
We base our analyses on the Cosmic Microwave Background (CMB) data from the recent Planck
release [1]. Specifically, we consider as our minimal data combination the full temperature autocorre-
lation spectrum in the range 2 ≤ ` ≤ 2500 (denoted as “PlanckTT”) plus the low-` Planck polarization
spectra in the range 2 ≤ ` ≤ 29 (denoted as “lowP”) [45]. Additionally, we consider and add separately
the high-` Planck polarization spectra in the range 30 ≤ ` < 2500 (hereafter “highP”) [45].
Since the coupling between DE and DM introduces a time dependence in the background evolu-
tion of DE and DM (see Eqs. (2.1a) and (2.1b)), it is important to test our theoretical models using
data at many different redshift with respect to the CMB measurements. In particular, in MOD1
we expect an higher amount of DM in the early Universe than in the ΛCDM model, with stronger
gravitational effects at earlier evolutionary phases. On the opposite side, in the MOD2 the amount
of DM is smaller in the early Universe and the gravitational clustering is reduced until enough DE
is decayed into DM. For these reasons, it is important to consider the effects that observations at
various redshift have on the constraints on the CDE models, in order to attempt distinguishing the
different evolution histories.
One of the most important probes of expansion, that are also probes for the existence of DE, are
the Supernovae (SNe) of type Ia. We consider the luminosity distances of SN Ia from the SNLS and
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Figure 1. Dependence of the CMB angular power spectrum Cl on two cosmological parameters: the DM-DE
coupling strength ξ (upper panel); the DM energy density today Ωch
2 (lower panel). All the other parameters
are kept fixed. The black curve is the same in the different panels. The plot shows the degeneracy between ξ
and Ωch
2.
SDSS catalogs as re-analyzed in the joint analysis in Ref. [46] (“JLA” hereafter).
Another probe of the Universe evolution comes from the Redshift Space Distortions (RSD),
namely distortions of the shape of galaxy clusters in redshift space, due to peculiar motions of single
objects along the line of sight. The transverse versus line-of-sight anisotropies in redshift space
are induced by peculiar motions of the single galaxies inside a cluster and can provide a way for
constraining the growth rate of structures. This method is under development and the detection of
RSD is more difficult than a measure of the Baryon Acoustic Oscillations (BAO) features. See e.g.
Ref. [47] for a detailed review on RSD. We include the BAO as determined by 6dFGS [48], SDSS-
MGS [49] and BOSS DR11 [50], together with the RSD determinations from [51]. We will refer to
the combination of these measurements as to the “BAO/RSD” dataset.
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The amount of DM affects also the strength of gravitational lensing. We include information
on the power spectrum of the lensing potential reconstructed by Planck from the trispectrum mea-
surement [52] (hereafter “lens”). We do not consider weak lensing determinations obtained from
the cosmic shear measurements of the CFHTLenS survey [53], since this put constraints on scales
where the non-linear effects are strong. Since we want to analyze an interaction model that goes
beyond the standard ΛCDM cosmology, the theoretical description of the non-linear effects can bias
our constraints when comparing the theoretical predictions to the weak lensing data. Moreover, at
the small scales relevant for the CFHTLenS experiment the effects of baryonic feedback and intrinsic
alignment can also be important, but our knowledge and theoretical description of these effects is
quite limited nowadays. More detailed discussions can be found in Refs. [2, 54, 55]. We stress that a
set of ultra-conservative cuts on the small scales observed by CFHTLenS is proposed in Refs. [2, 56]
to exclude the scales at which the non-linear evolution have a significant impact. Even if one applies
the ultra-conservative cuts, in the context of the ΛCDM model the Planck results are in substantial
tension with the CFHTLenS results [57]. The tension can be explained invoking the presence of some
unaccounted systematics in the analysis of the experimental data or an incomplete modeling of the
theoretical predictions, but can also be the result of the existence of new physics beyond the standard
model. However, the importance of the local measurements is nevertheless high, since they provide
model-independent results that can be used to constrain the different cosmological models [58].
A recent analysis [59] of the CFHTLenS data that takes into account several astrophysical system-
atics, however, shows that the tension between Planck and the cosmic shear measurements disappears
when the systematics are considered jointly. They find that the two data concordance tests are in
agreement, and that the level of concordance between the two datasets depends on the exact details
of the systematic uncertainties included in the analysis. The results of the concordance tests based
on the Bayesian evidence and on information theory range from decisive discordance to substantial
concordance as the treatment of the systematic uncertainties becomes more conservative. The least
conservative scenario is the one most favored by the cosmic shear data, but it is also the one that shows
the greatest degree of discordance with Planck. A future, robust result from local measurements that
will take into account all the possible systematics will either confirm the tension with CMB estimates
of the cosmological quantities, probing that the ΛCDM model is incomplete and possibly suggesting
us where to look for new physics, or confirm that the tension that we observe now is just due to an
incomplete knowledge of some astrophysical phenomenon.
In this respect it is interesting to discuss the results from CFHTLenS and other experiments
that probe the mass distribution at late times. Among them, we list cluster counts through the
Sunyaev-Zel’dovich effect from Planck [60, 61] (SZ hereafter) and SPT [62], from X-ray samples
as measured by REFLEX II [63] and cluster mass distributions at low and high redshifts from the
Chandra Cluster Cosmology Project [64, 65]. The measurements of the average matter fluctuations at
small scales from these experiments is under discussion, since the local measurements provide values
that can be in tension with Planck determinations from CMB, in the ΛCDM model. The results are
parameterized through the combination σ8 (ΩM/0.27)
γ
, where σ8 represents the root-mean-square
fluctuations in total matter in a sphere of 8h−1 Mpc radius, ΩM is the total matter density and γ
is a parameter that depends on the probed redshift: the local determinations point towards values
for σ8 (ΩM/0.27)
γ
that are lower than the CMB determination. Differently from the CMB results,
however, the local determinations are more likely to suffer some unaccounted systematics: among
the major uncertainties of the local probes there is the overall mass calibration, usually quantified
through a bias parameter. The value of the bias parameter is still uncertain, as different indications
are found when analyzing different samples, as discussed in detail in [2]. Again, a clear detection of a
preference for a low σ8 from the local determinations with respect to the CMB results would indicate
the possible existence of new physics beyond the ΛCDM model.
We do not include in our analyses constraints on the Hubble parameter H0, the expansion
rate of the Universe today, due to the tensions that exist between local determinations and CMB
estimates for this observable. Planck constraints in the context of the ΛCDM model are typically
lower than the local measurements. Instead we confront and discuss our results in comparison with
the local determination of H0. We will show that MOD2 can resolve the tension between local and
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Parameter ΛCDM MOD1 MOD2
100Ωbh
2 2.222 +0.047−0.043 2.216
+0.046
−0.045 2.226
+0.047
−0.046
Ωch
2 0.120 +0.004−0.004 0.069
+0.051
−0.062 0.133
+0.018
−0.015
100θ 1.0409 +0.0009−0.0009 1.0441
+0.0051
−0.0037 1.0402
+0.0013
−0.0013
τ 0.078 +0.039−0.037 0.077
+0.039
−0.038 0.077
+0.039
−0.038
ns 0.965
+0.012
−0.012 0.964
+0.013
−0.012 0.966
+0.013
−0.012
log(1010As) 3.089
+0.074
−0.072 3.088
+0.073
−0.073 3.087
+0.073
−0.074
ξ 0 (−0.790, 0] [0, 0.269)
wΛ −1 [−1,−0.704) −1.543 +0.515−0.436
H0 [ Km s
−1 Mpc−1] 67.28 +1.92−1.89 67.91
+7.26
−7.54 > 68.31
σ8 0.830
+0.029
−0.028 1.464
+1.917
−0.834 0.898
+0.163
−0.160
Table 3. Marginalized limits at the 2σ C.L. for the relevant parameters of this analyses. The results are
obtained with the “PlanckTT+lowP” dataset, for the three different models (ΛCDM, MOD1 and MOD2).
When an interval denoted with parenthesis is given, it refers to the 2σ C.L. range starting from the prior
extreme, listed in Tabs. 1 and 2 (and here denoted by the square parenthesis).
cosmological determinations of both H0 and σ8.
To summarize, and to set the reference point for our discussion, we recall that the latest Planck
result in the ΛCDM model is H0 = 67.3 ± 1.0 Km s−1 Mpc−1 when using CMB temperature au-
tocorrelation and polarization on large scales only [2]. Results on H0 obtained from the CMB are
model dependent (they depend on the assumptions on the underlying cosmological model and the
type and number of its free parameters), but they do not suffer large systematics. This is compared
with the results obtained by local determinations, that in turn can suffer unaccounted systematics
but do not depend on the specific cosmological models. Using the SN Ia detected by HST, with
Cepheid-calibrated distances, the authors of Ref. [66] found H0 = 73.8±2.4 Km s−1 Mpc−1, while us-
ing the same SN Ia set with different calibrations for the distance it is possible to derive some slightly
different value: for example, a reanalysis of the HST SNe leads to H0 = 70.6 ± 3.3 Km s−1 Mpc−1
when using NGC 4258 as a distance anchor or to H0 = 72.5 ± 2.5 Km s−1 Mpc−1 when averaging
over three different distance-calibration methods [67]. The significance of the tension depends hence
on the calibrations. Only H0 = 70.6± 3.3 Km s−1 Mpc−1 obtained in Ref. [67] is consistent with the
CMB result within 1σ, while the other determinations present some tension.
In our analyses we will explore different combinations of the listed datasets: our starting point
will be the CMB-only dataset “PlanckTT+lowP”, then we will add one of the other datasets at a time
(“highP”, “lens”, “JLA”, “BAO/RSD”) and finally we will consider a combination involving all the
dataset, “PlanckTT+lowP + highP + lens + JLA + BAO/RSD”, that we will indicate with “ALL”
for sake of brevity. For each of these data combinations we will test the three cosmological models
(ΛCDM, MOD1, MOD2) to investigate the impact of the coupled DM/DE scenarios.
4 Results
The results of the analysis for the “CMB only” and “ALL” datasets are reported in Tables 3 and 4,
respectively. The Tables show the 2σ constraints for the relevant parameters of the different analyses.
We find that most of the standard cosmological parameters are not sensitive to the coupling in the
dark sector and the ensuing results are quite unchanged when moving from ΛCDM to MOD1 or
MOD2: the baryon density today Ωbh
2, the optical depth at reionization τ , the tilt ns and amplitude
log(1010As) of the power spectrum of scalar perturbations are basically stable under variation of the
cosmological models. Their determination is therefore robust against modified expansion histories
induced by the DM/DE coupling introduced in our modeling.
Slightly larger variations occur for the ratio of the sound horizon to the angular diameter distance
at decoupling, θ, but also in this case the differences between the various models are well inside their
mutual 2σ limits. Interestingly, the addition of the external data in the “ALL” dataset reduces the
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Parameter ΛCDM MOD1 MOD2
100Ωbh
2 2.229 +0.028−0.028 2.228
+0.030
−0.030 2.227
+0.031
−0.030
Ωch
2 0.119 +0.002−0.002 0.091
+0.028
−0.031 0.135
+0.014
−0.014
100θ 1.0409 +0.0006−0.0006 1.0426
+0.0021
−0.0018 1.0400
+0.0010
−0.0010
τ 0.062 +0.025−0.025 0.063
+0.027
−0.026 0.059
+0.028
−0.027
ns 0.966
+0.008
−0.008 0.966
+0.009
−0.009 0.966
+0.009
−0.009
log(1010As) 3.055
+0.045
−0.046 3.058
+0.049
−0.049 3.050
+0.050
−0.051
ξ 0 (−0.463, 0] 0.159 +0.146−0.154
wΛ −1 [−1,−0.829) (−1.129,−1]
H0 [ Km s
−1 Mpc−1] 67.72 +1.01−0.97 67.57
+1.81
−1.79 67.83
+1.90
−1.75
σ8 0.812
+0.017
−0.017 0.994
+0.283
−0.202 0.749
+0.067
−0.061
Table 4. The same as in Tab. 3 for the analysis on the “ALL” dataset.
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Ωch
2
ΛCDM: PlanckTT+lowP
MOD1: PlanckTT+lowP
MOD2: PlanckTT+lowP
0.5 0.6 0.7 0.8 0.9 1.0
ΩΛ
ΛCDM: PlanckTT+lowP
MOD1: PlanckTT+lowP
MOD2: PlanckTT+lowP
Figure 2. Marginalized 1σ , 2σ and 3σ C.L. limits on Ωch
2 and ΩΛ for the “PlanckTT+lowP” dataset and
for the three different cosmological models: ΛCDM, MOD1 and MOD2.
uncertainties on various parameters, but requires a shift towards lower values for the optical depth
at reionization τ and the amplitude of the scalar perturbations power spectrum log(1010As). These
parameters suffer of a mild tension in the recent Planck results, as discussed in [2], since the analyses
that consider the low-` temperature spectrum point towards higher values of τ if compared to the
results obtained from the polarization spectra only. If one considers the lensing information and
the BAO measurement together with the temperature spectrum, the results are in good agreement
with the indications in favor of a small τ coming from the Planck polarization spectra. As the CMB
observations constrain the combination Ase
−2τ , a smaller τ reflects in a smaller As.
As expected, there is instead a strong correlation between the coupling parameter ξ and the
current DM density Ωch
2 ∝ ρc. For ξ < 0 (MOD1), the bigger is the interaction, the smaller is the
DM abundance today, i.e. more DM decayed into DE during the evolution. Conversely, for ξ > 0
(MOD2) a larger DM density is predicted. This is manifest in Tabs. 3 and 4 and in the upper panel
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1.0 0.8 0.6 0.4 0.2 0.0
ξ
MOD1: PlanckTT+lowP
MOD1: PlanckTT+lowP + highP
MOD1: PlanckTT+lowP + BAO/RSD
MOD1: PlanckTT+lowP + JLA
MOD1: PlanckTT+lowP + lens
MOD1: ALL
MOD1+νs : ALL
1.0 0.8 0.6 0.4 0.2 0.0
wΛ
MOD1: PlanckTT+lowP
MOD1: PlanckTT+lowP + highP
MOD1: PlanckTT+lowP + BAO/RSD
MOD1: PlanckTT+lowP + JLA
MOD1: PlanckTT+lowP + lens
MOD1: ALL
MOD1+νs : ALL
Figure 3. Marginalized 1σ , 2σ and 3σ C.L. limits for the parameters ξ and wΛ in MOD1, for different
datasets. When the error bar is not visible, it coincides with the limit in the prior, as listed in Tab. 2. The
red point and lines refer to the MOD1+νs model, discussed in Section 5.
in Fig. 2, where the 1σ, 2σ and 3σ C.L. intervals for Ωch
2 in the different models are shown. Given a
flat Universe (which we assume in our analyses), this turns out in different values for the DE energy
density parameter today ΩΛ in the different models (see the 1σ, 2σ and 3σ C.L. bounds for ΩΛ in the
lower panel in Fig. 2).
Figs. 3 and 4 show the 1σ, 2σ and 3σ C.L. limits on ξ (upper panels) and wΛ (lower panels)
obtained with different datasets, for both the CDE models MOD1 (Fig. 3) and MOD2 (Fig. 4). The
constraints are almost insensitive to the addition of the data on CMB polarization at high multipoles
(“highP”). The lensing information, instead, leads to stronger constraints for ξ in MOD1: as expected,
this comes from the bounds on the DM abundance during the expansion history that are provided by
the lensing detection. Both in MOD1 and MOD2, the addition of the JLA and BAO/RSD dataset
lead to stronger constraints on the DE EoS wΛ, that is pushed towards −1. Notice that the analyses
constrain actually the effective EoS parameter weffΛ = wΛ + ξ/3: this is the parameter that drives the
background evolution in Eq. (2.1b). This can also be seen in Fig. 5: for both MOD1 (left panel) and
MOD2 (right panel) the marginalized regions in the (ξ, wΛ) plane are well constrained around the
weffΛ = −1 (dashed) line, thus indicating a preference for a DE energy density that effectively behaves
(at the background level) as a cosmological constant, even though at the fundamental level it can
interact with DM.
Tab. 3 also shows that the CMB only gives poor constraints on H0 and σ8 for MOD1 and
MOD2. For the Hubble parameter, this is due to the strong correlation between H0 and the DE EoS
parameter: as we can see in Eq. (2.1b), when wΛ < −1 the DE density today is larger for larger values
of |wΛ|. Since the Universe is DE dominated at late times, the total energy density ρtot increases with
ρΛ and consequently the Hubble rate H ∝ √ρtot is larger. When wΛ > −1, instead, the situation is
opposite, and values for H0 lower than the CMB predictions can be found. The CMB alone, moreover,
is not a good way to constrain the DE EoS: with the introduction of additional data, in particular
the BAO/RSD and JLA datasets, the constraints on wΛ are much stronger, especially in MOD2, and
consequently the allowed regions for H0 are better identified.
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0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
ξ
MOD2: PlanckTT+lowP
MOD2: PlanckTT+lowP + highP
MOD2: PlanckTT+lowP + BAO/RSD
MOD2: PlanckTT+lowP + JLA
MOD2: PlanckTT+lowP + lens
MOD2: ALL
MOD2+νs : ALL
2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0
wΛ
MOD2: PlanckTT+lowP
MOD2: PlanckTT+lowP + highP
MOD2: PlanckTT+lowP + BAO/RSD
MOD2: PlanckTT+lowP + JLA
MOD2: PlanckTT+lowP + lens
MOD2: ALL
MOD2+νs : ALL
Figure 4. Marginalized 1σ, 2σ and 3σ C.L. limits for the parameters ξ and wΛ in MOD2, for different
datasets. When the error bar is not visible, it coincides with the limit in the prior, as listed in Tab. 2. The
red point and line refer to the MOD2+νs model, discussed in Section 5.
1.0 0.8 0.6 0.4 0.2 0.0
ξ
1.0
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0.8
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MOD1: PlanckTT+lowP
MOD1: ALL
0.00 0.08 0.16 0.24 0.32 0.40
ξ
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w
Λ
MOD2: PlanckTT+lowP
MOD2: ALL
Figure 5. Marginalized 1σ and 2σ C.L. allowed regions in the (ξ, wΛ) plane in MOD1 (left) and MOD2
(right), for different datasets. The area below the dashed lines (weffΛ = wΛ + ξ/3 = −1) corresponds to an
increasing energy density for DE in the future.
It is interesting to note that MOD1 predicts a value for σ8 significantly larger than the ΛCDM pre-
diction (see both Tab. 3 and Tab. 4): since MOD1 predicts a larger amount of DM in the early Uni-
verse, there is more clustering in the primordial Universe, that results in an earlier transition to the
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Figure 6. Marginalized 1σ and 2σ C.L. allowed regions in the (σ8, H0) plane for different models:
ΛCDM (gray), MOD1 (red) and MOD2 (blue). The left panel corresponds to the CMB only dataset
“PlanckTT+lowP”, while the panel on the right refers to the full combination considered here (“ALL”).
The vertical green band denotes the interval H0 = 70.6 ± 3.3 Km s−1 Mpc−1 [67] (GE), while the horizontal
dark yellow band stands for σ8 = 0.75± 0.03 [60] (SZ).
non-linear evolution and hence to an unavoidably larger value for σ8 with respect to the ΛCDM pre-
diction. Even if the σ8 values as determined by local measurements are an underestimate of the
true value, nevertheless this fact can be a strong argument against a CDE parameterization through
MOD1. Conversely, in MOD2, the DM abundance is fed by DE as the Universe evolves: the non-
linear evolution starts later and clustering is less prominent, making σ8 smaller. A hint for late-time
appearance of DM was found also in a recent study [68], thus giving another point in favor of MOD2.
We wish to outline that also Ref. [69], where a CDE scenario with Q ∝ HρΛ is analyzed by adopting
the PPF approach, finds a preference for a scenario with DE decaying into DM.
In Fig. 6 we summarize the results on H0 and σ8 in the standard ΛCDM , MOD1 and MOD2
models. The left panel refers to CMB data only, while the right panel is for the “ALL” datasets. The
two bands show the intervals of the local determinations of σ8 = 0.75±0.03 from Planck [60], obtained
leaving the mass bias free to vary, and H0 = 70.6± 3.3 [67]. Both the plots clearly show that MOD1
fails in obtaining high values of H0 accompanied by low σ8 values, and compatible with the local
determinations of these parameters. On the contrary in MOD2 small values of σ8 can correspond to
large values of H0, since they are the consequence of the large absolute values allowed for wΛ (if the
CMB dataset is considered). The correlation between σ8 and ξ is different in the two models: whereas
in MOD1 a larger σ8 corresponds to a bigger DM/DE interaction rate, since the larger amount of
DM in the early Universe accelerates the evolution of the matter fluctuations at small scales, MOD2
exhibits an opposite behavior, namely lower values for σ8 correspond to a stronger coupling in the
dark sector and possibly to high values of H0, if wΛ is large. In this sense, MOD2 appears to be
preferred over MOD1, since in this context the cited tensions of σ8 and H0 can be solved.
5 Sterile neutrinos as stable DM component
In this Section we extend the dark matter sector to allow that the total amount of DM is provided by
two different species, with only one of them coupled to DE. In this scenario, the DM is composed by
a stable and an interacting fraction, with the consequence that only part of the DM can be fed by (or
feed) DE during the Universe evolution. A model with an interacting DM component combined with
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Prior
Parameter ΛCDM νs
meffs (eV ) 0 [0,15]
Neff 3.046 [3.046, 6]
Table 5. Priors on the neutrino parameters meffs and Neff . The priors are assumed flat.
a stable one was studied for instance in Ref. [70], where the authors report a hint for the existence of
two separate components.
Among the most investigated DM candidates, sterile neutrinos have been widely studied in the
past (see e.g. Refs. [71–74] and references therein). We therefore discuss the possibility that the
non-interacting stable DM component is composed by sterile neutrinos (or any form of matter that
behaves in a way similar to sterile neutrinos).
To include the additional neutrino in the cosmological analysis we use the parameterization
presented in Ref. [75]. The additional neutrino acts as a relativistic component in the early Universe
and gives a contribution to the effective number of relativistic species Neff : assuming that the active
neutrinos contribute with N smeff = 3.046 and that there are no other relativistic particles, the amount
of energy density of radiation is given by Neff > 3.046, and ∆Neff = Neff −N smeff measures the effective
contribution of the additional neutrino. This can be defined as [76]:
∆Neff =
[
7
8
pi2
15
Tν
4
]−1
1
pi2
∫
dp p3fs(p) , (5.1)
where p is the neutrino momentum, fs(p) is its momentum distribution and Tν is the active neutrino
temperature.
In the late Universe, when the sterile neutrino becomes non-relativistic, it starts behaving as a
dark matter component. The physical mass ms is not the most convenient way to describe the sterile
neutrino contribution, since it enters only into the equation of the energy density together with the
momentum distribution of the neutrino [76]:
Ωsh
2 =
h2
ρc
ms
pi2
∫
dp p2fs(p) , (5.2)
where ρc is the critical energy density. Since the energy density depends on the momentum distribution
function and hence on the details of the production of the sterile neutrino in the early plasma, that
in turn depend on the specific underlying neutrino model and properties, it is more convenient to use
instead the effective mass meffs , defined as:
meffs = 94.1 eV Ωsh
2 . (5.3)
If the sterile neutrino is thermally produced with a temperature Ts that is different from that of the
active neutrinos, we have f(p) = 1/(1 + ep/Ts) and the two masses are related by meffs = ∆N
3/4
eff ms.
Differently from Ref. [2], here we do not put constraints on the physical mass of the sterile neutrino,
since we are particularly interested in the degeneracy between meffs and the DM energy density Ωch
2.
For both Neff and m
eff
s we adopt flat priors in the intervals listed in Tab. 5.
We study the constraints on the sterile neutrino properties using only the full data combination
“ALL”, that gives the strongest constraints on the CDE models. We show the results obtained in the
ΛCDM+νs, MOD1+νs and MOD2+νs models in Tab. 6 for all the relevant parameters: a comparison
with Tab. 4 shows that the inclusion of an additional neutrino does not change significantly the
constraints on the various parameters, although a small shift down in the baryon density and a small
shift up in Ωch
2, with an increase of the error bars, can be observed. These results can be traced to
the fact that the sterile neutrino acts as a massive component in the late Universe and it contributes
to the total amount of matter with Ωsh
2 ∝ meffs and is therefore degenerate with DM. This degeneracy
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Parameter ΛCDM MOD1 MOD2
100Ωbh
2 2.237 +0.034−0.031 2.237
+0.036
−0.032 2.236
+0.035
−0.032
Ωch
2 0.113 +0.014−0.019 0.083
+0.033
−0.032 0.129
+0.023
−0.024
100θ 1.0408 +0.0006−0.0007 1.0426
+0.0021
−0.0019 1.0400
+0.0011
−0.0010
τ 0.063 +0.032−0.033 0.064
+0.034
−0.035 0.060
+0.034
−0.035
ns 0.969
+0.012
−0.011 0.968
+0.013
−0.011 0.968
+0.012
−0.011
log(1010As) 3.059
+0.066
−0.067 3.061
+0.068
−0.070 3.054
+0.070
−0.069
ξ 0 −0.266 +0.259−0.236 [0, 0.304)
wΛ −1 −0.928 +0.087−0.072 (−1.162,−1]
meffs [eV] < 2.1 < 1.8 < 2.2
Neff < 3.34 < 3.38 < 3.35
H0 [ Km s
−1 Mpc−1] 67.91 +1.33−1.26 68.23
+2.21
−2.00 68.43
+2.11
−2.01
σ8 0.789
+0.039
−0.045 0.988
+0.293
−0.214 0.727
+0.076
−0.070
Table 6. Marginalized limits at 2σ C.L. for the relevant parameters of our analyses, obtained with the “ALL”
dataset for the three different models (ΛCDM+νs, MOD1+νs and MOD2+νs). When an interval denoted
with parenthesis is given, it refers to the 2σ C.L. range starting from the prior extreme, listed in Tabs. 1 and
2 (and here denoted by the square parenthesis).
is clear in Fig. 7, where a higher DM energy density corresponds to a lower meffs , for all the models.
The variations on the reconstructed parameters, as compared to the case where the sterile neutrino
is not present, are nevertheless well inside 1σ.
Constraints on the parameters Neff and m
eff
s are similar in the different models, with only very
marginal differences: this means that the properties of the νs component of DM are not degenerate
with the coupling in the dark sector and the neutrino constraints are robust against the introduction
of the new interaction. In parallel, also the constraints on the coupling parameter ξ and on the
DE EoS parameter wΛ are largely insensitive to the presence of an additional neutrino. The 1σ, 2σ
and 3σ C.L. limits on these parameters are plotted in red in Figures 3 and 4 for MOD1 and MOD2
respectively.
The presence of an additional component that acts as a relativistic particle in the early Universe
and as a non-relativistic one in the late Universe gives a suppression in the clustering, due to the free-
streaming effect, and an increase of the Hubble parameter, due to the necessity of increasing both the
DM and DE energy densities in the Universe to avoid a shift of the matter-radiation equality and of
the coincidence time. As a consequence, the inclusion of the sterile neutrino shifts the predictions for
H0 towards slightly higher values and lowers those for σ8. In Fig. 8 we show the equivalent of Fig. 6
for the models with the additional neutrino. The regions are slightly wider than in the case with no
additional neutrinos, but overall there are no significant variations with respect to the right panel
of Fig. 6. As a consequence of the lowering of σ8, however, models with the sterile neutrino give a
slightly improved compatibility with the low-σ8 measurements.
6 Conclusions
The largest part of the energy density of our Universe is represented by a dark sector, formed by dark
matter and dark energy. The presence of both these components is known only for their gravitational
effects, but we still ignore if they can be explained in the context of fundamental physics: while many
particle candidates have been proposed for DM, the true nature of DE, and whether it has nothing
to do with particle physics, is still unknown. We therefore ignore if these two components possess
some kind of interaction between themselves, apart from gravity. While it is natural, at least in
first approximation, to assume them as separate non-interacting components, as it is usually done in
standard cosmology, nevertheless the existence of a non-gravitational coupling involving DE or DM
is in principle an option.
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Figure 7. Marginalized 1σ and 2σ C.L. allowed regions in the (Ωch
2, meffs ) plane for different models:
ΛCDM+νs (gray), MOD1+νs (red) and MOD2+νs (blue), obtained with the full data combination considered
here (“ALL”).
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Figure 8. Marginalized 1σ and 2σ C.L. allowed regions in the (σ8, H0) plane for different models:
ΛCDM+νs (gray), MOD1+νs (red) and MOD2+νs (blue), obtained with the full data combination con-
sidered here (“ALL”). The vertical green band denotes the interval H0 = 70.6±3.3 Km s−1 Mpc−1 [67] (GE),
while the horizontal dark yellow band stands for σ8 = 0.75± 0.03 [60] (SZ).
To investigate this possibility, we have performed cosmological tests of a DM/DE interaction, in
a model where DM can partially transfer its density to DE, or vice-versa. The DM/DE interaction
has been introduced phenomenologically through an interaction term Q = ξHρΛ [25, 26, 32] in the
energy conservation equations, where the dimensionless parameter ξ encodes the coupling strength
and the direction of energy flow: from DM to DE for ξ > 0, from DE to DM for ξ < 0.
The datasets used to constrain the model have been: CMB temperature and polarization, grav-
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itational lensing, supernovae distance calibrations, baryonic acoustic oscillations and redshift space
distortions. The combination of these measurements allows to constrain the evolution of the Universe
at different redshifts and test the DM/DE interaction at different times.
While Planck observations for CMB temperature and polarization [1, 45] represent our reference
datasets, the strongest constraints come with the inclusion of additional information that probe dif-
ferent redshifts: supernovae data from the joint analysis of Ref. [46] strongly constrain the effective
DE equation-of-state parameter weffΛ = wΛ + ξ/3 to be close to −1, while BAO/RSD [48–51] data
give a mild preference for a non-zero coupling, both for MOD1 and MOD2. If we consider the derived
values of the Hubble parameter H0 and of σ8, we find that MOD1 (a model that was studied e.g in
Refs. [25, 26]), increases the tension with the low-redshift measurements of H0 from HST [66, 67] and,
more significantly, with the Planck SZ cluster counts, CFHTLenS and other local determinations of σ8
[53, 60–64]. The reason is that in MOD1 a higher amount of DM in the early Universe is required to
allow for the survival of a necessary amount of DM today: this larger DM amount in the early phases
increases the clustering effect and forces the non-linear evolution to occur earlier. On the contrary,
in MOD2, σ8 is smaller than in the ΛCDM model, as a consequence of the DM to DE transfer, and
cosmological determinations of H0 and σ8 are better reconciled with low-redshift probes.
We studied also the possible presence of a sterile neutrino as an additional and stable dark matter
component [71, 72]. In this case we find that the sterile neutrino parameters are completely insensitive
to the parameters of the CDE model and the constraints are basically the same for the ΛCDM+νs,
the MOD1+νs and the MOD2+νs models.
In conclusion, a coupled DM/DE cosmology is a viable option, compatible with a large host
of cosmological data. Moreover, a model where DE feeds DM during the evolutionary history of
the Universe can help solving the small tensions that currently exist between different high- and
low-redshift observations in the context of the ΛCDM model, therefore providing an interesting new
opportunity of investigation for models of the dark sectors of the Universe.
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